We report on the formation of Ti-Cu-Ni-Zr-Sn-Si bulk metallic glass composites containing bimodal size of B2 TiCu compounds. The small B2 TiCu compound with a size of 1 to 10 lm has a strong influence on the oscillation of the shear stress, thus causing wavy propagation of the shear bands. In contrast, the large B2 TiCu compound with a size of 70 to 150 lm dissipates the shear stress by branching and multiplication of the shear bands. By forming the bimodal size of B2 TiCu compound, it is possible to determine the harmonic influence to further enhance the plasticity of the Ti-Cu-Ni-Zr-Sn-Si bulk metallic glass composites.
I. INTRODUCTION
MONOLITHIC bulk metallic glasses (BMGs) usually undergo inhomogeneous plastic deformation at room temperature with very limited macroscopic plastic strain. [1, 2] The plastic flow allows only a few shear bands to be active, causing catastrophic failure of the sample.
[3] In order to overcome such a critical disadvantage of the monolithic BMGs, the BMG composites [4] [5] [6] and nanostructure composites [7] [8] [9] were systematically investigated. Recently, some BMGs with relatively large plastic strain were developed, and the potential mechanisms for the enhanced macroscopic plasticity of the BMGs were proposed based upon theoretical and experimental results. [10] [11] [12] [13] [14] [15] From the theoretical approach, [12, [16] [17] [18] the flow of metallic glassforming liquids and the flow and fracture of metallic glasses and their relation to elastic constants, i.e.,
Poisson's ratio t, were proposed in order to determine the ductility or brittleness of BMGs. [16] Similarly, the intrinsic plasticity and brittleness of BMGs also have been correlated with the ratio of the elastic shear modulus l to the bulk modulus B.
[17] Also, there were tremendous efforts to improve the macroscopic plasticity of the BMGs through controlling the microstructural heterogeneities within the amorphous matrix. [4, 10, [19] [20] [21] The scale and morphology as well as chemistry of heterogeneous regions embedded in the amorphous matrix were suggested as factors to govern the plasticity by controlling the initiation, multiplication, and propagation of shear bands. [22] [23] [24] Regarding enhancement of the plasticity of the BMG composites, more recently, there have been some interesting reports on the transformation-mediated ductility in CuZr-based BMGs and composites. [25] [26] [27] From these reports, it is worth noting that both the dynamically crystallized and pre-existing B2 CuZr compound transform into martensitic B19' phase during deformation. This implies that the martensitic phase transformation from B2 into B19' effectively releases the local stress concentration around the shear transformation zone (STZ). [26] Based on these results, one can glean that the phase selection embedded in the amorphous matrix is also an important factor in controlling the plasticity of the BMGs. However, so far, no systematic trial to elucidate the size effect of the B2 compound on the plasticity of these unique BMGs has been performed.
From previous investigations, it has been determined that atomic/nanoscale chemical fluctuation occurs in (TiCu)- [22] and (ZrCu)- [12] based BMGs developed from equiatomic binary Ti 50 Cu 50 and Zr 50 Cu 50 alloys. Especially, the (TiCu)-based BMGs devitrify into the metastable NiTi-type B2 compound followed by the stable c-TiCu phase. Furthermore, the detailed microstructural investigation reveals the formation of atomic/ nanoscale chemical fluctuation in these BMGs, having a very small difference in the compositional fluctuation upon solidification. Based on these results, it is feasible to investigate that fine compositional tuning of these (TiCu)-based alloys offers a chance to control the selection and size of the B2 compound in the amorphous matrix upon solidification and, thus, to understand the size effect of the B2 compound on the deformation behavior of (TiCu)-based BMG composites.
In this article, we attempt to develop novel (TiCu)-based BMG composites containing various sizes of B2 compound through fine compositional tuning from the previously reported Ti 45 Cu 40 Ni 7.5 Zr 5 Sn 2.5 BMG with nanoscale chemical heterogeneity. Through the detailed investigations on the initiation, multiplication, and propagation of shear bands during deformation of the (TiCu)-BMG composites with the various sizes of B2 compound, it is feasible to elucidate the size effect of B2 compound on the enhancement of plastic strain of the (TiCu)-BMG composites.
II. EXPERIMENTAL PROCEDURES
Ti-Cu-Ni-Zr-Sn-Si alloy ingots were produced by arc melting the mixture of pure elements with purities above 99.9 pct in a water-cooled hearth under Ti-gettered highpurity argon atmosphere. Cylindrical rods with a diameter of 2 mm and length of 50 mm were prepared by copper mold casting. The nominal compositions of the alloys that were designed by adding different amounts of Si and fine-tuning the compositions of the previously investigated Ti 45 Cu 40 Ni 7.5 Zr 5 Sn 2.5 BMG [20] are listed in Table I . The structure of the as-cast rods was examined by X-ray diffraction (XRD: D/MAX-2500/PC) using Cu K a radiation and transmission electron microscopy (TEM: JEM 2010) with energydispersive spectrometry (EDX). The TEM specimens were obtained by ion thinning with liquid nitrogen cooling. Scanning electron microscopy (SEM: JEOL* JSM-6390) was used for observation of the microstructure and deformed specimens. Cylindrical specimens with a 2:1 aspect ratio were prepared for compression tests. The mechanical properties of the samples were measured at room temperature under compressive mode at a strain rate of 1 9 10 -3 s -1
. The Vickers hardness was tested by an automatic Vickers microhardness tester at a load of 0.5 N and applied for 10 seconds. Figure 1 shows the (a) XRD patterns and (b) through (e) typical SEM backscattering electron (BSE) micrographs of the as-cast A through D alloys. From Figure 1 (a), one can find that A alloy exhibits the broad diffraction characteristic of an amorphous structure with no evidence of any crystalline peaks, a typical characteristic of the amorphous phase. On the other hand, the XRD traces from the B through D alloys in Figure 1 (a) reveal some detectable crystalline peaks superimposed on the broad diffraction maxima, indicating the formation of BMG composites. The intensity of the diffraction peaks on these alloys gradually increases, implying an increase of volume fraction of crystalline phase. Although the crystalline phases in the B through D alloys can be expected to be c-TiCu phase from the binary Ti-Cu phase diagram, those of B through D alloys do not correspond to the c-TiCu phases. The detailed investigation on phase identification of these particles using TEM is described in Figure 2 .
III. RESULTS AND DISCUSSION
The BSE image of the A alloy in Figure 1 (b) exhibits homogeneous contrast, indicating the formation of a single amorphous phase, which is consistent with the XRD results shown in Figure 1(a) . On the contrary, the BSE images in Figure 1 (c) from the B alloy reveal the homogeneous distribution of dark contrast particles with a size of 2 to 5 lm on the bright contrast matrix. Furthermore, the volume fraction of the particles is measured to bẽ 10 vol pct. The BSE image from the C alloy shown in Figure 1 (d) presents a similar feature as that from the B alloy, as shown in Figure 1(c) . However, one can see that two different sizes of the particles, i.e., small and large, as indicated by the arrow in Figure 1(d) , form homogeneously on the matrix. The size of small and large particles can be measured to be 1 to 10 lm and 20 to 50 lm, respectively. The volume fraction of the crystalline particle is measured as~26 vol pct. The BSE image from the D alloy in Figure 1 (e) reveals that the large particles with a size of 70 to 150 lm are dominantly visible on the matrix. However, the inset BSE micrograph obtained from the matrix at high magnification clearly shows that the small particles with a size of 1 to 10 lm also uniformly form. The volume fraction of the crystalline particle is measured to bẽ 33 vol pct. The size and volume fraction of the crystalline particles and volume ratio of the small and large particles on the as-cast A through D alloys are listed in Table II . By combining the results from the XRD traces and BSE micrographs in Figure 1 , it is possible to conclude that only the A alloy forms monolithic BMG upon solidification, whereas the B through D alloys form BMG composites containing various sizes of the crystalline particles. Figure 2 shows (a) and (e) TEM bright-field images and (b) though (d), (f), and (g) selected area diffraction patterns from the as-cast D alloy containing the small and large crystalline particles together. The TEM brightfield image in Figure 2 (a) reveals that the crystalline particle with a size of~5 lm is embedded on the amorphous matrix. The selected area diffraction pattern in Figure 2 (b) obtained from the matrix presents a typical hallow diffraction intensity, indicating an amorphous structure, as demonstrated by the previous XRD and SEM results in Figure 1 . The selected area diffraction pattern in Figure 2( identified as the same crystalline phase, i.e., the CsCltype ordered B2 compound. Figure 3(a) shows compressive stress-strain curves for the as-cast A through D alloys. The values of yield strength, r y , and plastic strain, e p , of these alloys are listed in Table II . The yield strength of each alloy including different amounts and sizes of the B2 compounds exhibits a tendency to decrease with the increase of volume fraction of the B2 compounds. To investigate the influence of the B2 compounds on the yield strength of these alloys, the Vickers hardness of the B2 compounds and amorphous matrix is tested. The values of B2 compounds and amorphous phases are 259 and 336 HV, respectively. This result can be considered evidence that a decrease of yield strength in these alloys is caused by early deformation on softer B2 compounds than the amorphous matrix. In contrast, by combining the microstructure and mechanical properties of the samples, one can find a general tendency to improve the macroscopic plastic strain with increasing the volume fraction of the B2 compounds. By a detailed comparison of the plastic strain correlated to the volume fraction of the B2 compound of these alloys, it is pointed out that there is a significant enhancement of the plastic strain from 5.6 pct for C alloy to 12.7 pct for D alloy, even though there is a small increase in the volume fraction of the B2 compound from 26 to 33 vol pct. Therefore, it is feasible to assume that the small and large B2 compounds have a different role in enhancing the macroscopic plasticity in these BMG composites.
SEM micrographs in Figures 3(b) and (c) obtained from the lateral surface of the fractured D alloy clearly reveal that most shear bands present very wavy propagation, as marked by an arrow. This infers that the oscillation of the shear stress results in the wavy propagation of the shear bands. Moreover, it is possible to determine that the shear bands have a strong interaction to the large B2 compound with a size of~100 lm, thus causing the diversion of the propagation of shear bands along the boundary between the B2 compound and amorphous matrix, as indicated in Figure 3(b) . Hence, it is believed that the large B2 compound on the amorphous matrix is effective in dissipating the localization of shear stress, thus causing branching and multiplication of the shear bands. The BSE micrograph in Figure 3 (c) clearly reveals that the propagation of the shear bands is suppressed by the large B2 compounds. Moreover, it is possible to observe the microstructural feature by the severe deformation in the B2 compound, as marked by the dot circles, i.e., formation of wrinkles suggesting the possible deformation-induced phase transformation. It is quite difficult to determine the microstructural feature corresponding to deformation in the small B2 compound, whereas wavy propagation of the shear bands is observed around the small B2 compounds, as shown in the inset image in Figure 3(c) . Therefore, it is believed that the small B2 compounds have an influence in modulating the shear stress without direct interaction with the shear bands such as branching or multiplication. Figure 3 (d) presents a schematic drawing to aid in understanding the deformation mechanisms of the BMG composites containing both small and large B2 compounds. The small B2 compound with a size of 1 to 10 lm is considered to effectively oscillate the shear stress, thus resulting in the wavy pattern of the shear bands. In contrast, a large particle with a size of 70 to 150 lm has an influence on the prevention of localization of the shear stress by detouring the shear bands along the boundary between the B2 compound and amorphous matrix. During the diversion of the shear bands along the boundary, the multiplication of the shear bands occurs with relatively low shear stress. Furthermore, there is local deformationinduced phase transformation inside the large B2 compound. Such deformation-induced phase transformation in the large B2 compounds is the possible mechanism that causes the work-hardening behavior of the BMG composites, similar to the previously investigated CuZr-based BMG composites. Based on this understanding, the bimodal size distribution of the B2 compounds, i.e., small and large particles in the BMG composites, plays an important role in enhancing the macroscopic plasticity by harmonic release of the shear stress between the small and large B2 compounds. From the previous investigation, [20] one can notice that the Ti 45 Cu 40 Ni 7.5 Zr 5 Sn 2.5 BMG as a starting composition to develop A, B, C, and D alloys in this study presents large plastic strain even without any micron-scale crystalline phases. From the detailed microstructural investigation of the Ti 45 Cu 40 Ni 7.5 Zr 5 Sn 2.5 BMG, it was suggested that the nanoscale amorphous particles with small chemical fluctuation play a role in enhancing the macroscopic plasticity, leading the wavy propagation of the shear bands. [24] In contrast, the small B2 compounds with a size of 1 to 10 lm have a role in producing the wavy propagation of the shear bands by oscillating the shear stress. Such difference in the critical size of either the nanoscale amorphous phase or B2 compound to modulate the shear stress is possibly due to the difference in their elastic limits influencing STZ to effectively accommodate the shear strain.
IV. SUMMARY
In the present investigation, we found a novel microstructural design of the BMG composites by fine tuning the composition from the (TiCu)-based BMGs having chemical fluctuation at the undercooled melt. Furthermore, it is possible to tailor the size of B2 compounds, i.e., small (1 to 10 lm) and large (70 to 150 lm), and B2 compounds homogenously embedded in the amorphous matrix so-called bimodal size distribution of B2 compounds. The detailed investigation on deformation behavior of these BMG composites reveals that the small B2 compound has a role in causing the oscillation of shear stress, thus forming the wavy propagation of the shear bands. On the other hand, the large B2 compound has an influence in dissipating the localization of the shear stress by branching and multiplication of the shear bands. Moreover, the large B2 compound undergoes local deformation-induced phase transformation to accommodate the shear strain during deformation. Due to the harmonic influence of small and large B2 compounds on the deformation behavior of the TiCu-Ni-Zr-Sn-Si BMG composites, the microstructural design is considered to have a bimodal size of B2 compounds, which is very important to the further enhancement of the macroscopic plasticity of the BMG composites.
